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The Regulation of Permeability 
Barrier Homeostasis
Kenneth R. Feingold1,2, Matthias Schmuth2 and Peter M. Elias2
Disruption of the permeability barrier stimulates a repair response that leads to 
the restoration of barrier function. Previous studies demonstrated that changes 
in ions, particularly calcium, and cytokines are positive signals, whereas serine 
protease activation of proteinase-activated receptor 2 is a negative signal regu-
lating barrier recovery. Ikeyama and colleagues provide data that the nitric oxide 
signaling pathway also regulates barrier homeostasis.
Journal of Investigative Dermatology (2007) 127, 1574–1576. doi:10.1038/sj.jid.5700774
A major function of the skin is to pro-
vide a protective barrier at the inter-
face between the hostile external 
environment and the organism (Elias et 
al., 2003). Although the skin has many 
functions, the formation of a permeabil-
ity barrier that impedes transcutaneous 
loss of water is of major importance, 
because it is required for life in a desic-
cating, terrestrial environment. This per-
meability barrier is localized to the out-
ermost, anucleated layers of the epider-
mis, the stratum corneum, and it is medi-
ated primarily by extracellular, nonpo-
lar, lipid-enriched lamellar membranes 
that are impermeable to water (Elias et 
al., 2003). A variety of insults, including 
mechanical trauma, produced by tape 
stripping, or contact with either solvents 
or detergents, can injure the stratum cor-
neum, resulting in acute perturbations of 
cutaneous permeability barrier function. 
Disruption of the permeability barrier 
stimulates a vigorous homeostatic repair 
response in the underlying viable epi-
dermis that leads to the rapid restoration 
of permeability barrier function (Proksch 
et al., 1993).
Over the years, our laboratory and 
other laboratories have elucidated many 
of the steps required for normalization 
of barrier function after acute perturba-
tions. The initial step in barrier recovery 
is the rapid secretion of much of the 
preformed lamellar bodies from cells of 
the outer stratum granulosum (Menon et 
al., 1992). This initial secretory response 
is followed by an increase in the mRNA 
levels and activity of key enzymes such 
as 3-hydroxy-3-methyl-glutaryl-coen-
zyme A reductase, squalene synthase, 
acetyl-coenzyme A carboxylase, fatty 
acid synthase, and serine palmitoyl 
transferase, which results in a marked 
increase in epidermal cholesterol, fatty 
acid, and ceramide synthesis above 
their already high basal levels (Feingold, 
1991; Proksch et al., 1993). This 
increased lipid synthesis provides the 
key lipids — cholesterol, phospholip-
ids, and glucosylceramides — that are 
required for the formation of new lamel-
lar bodies that are then secreted in an 
accelerated fashion, generating the pre-
cursors of the stratum corneum lamellar 
membranes that are essential for per-
meability barrier function (Proksch et 
al., 1993). In the extracellular compart-
ment, lipids secreted from lamellar bod-
ies, glucosylceramides, phospholipids, 
and cholesterol sulfate, are metabolized 
to ceramides by β-glucocerebrosidase; 
to free fatty acids by one or more secre-
tory phospholipase A2; and to choles-
terol by steroid sulfatase, respectively. 
This critical step, termed “lipid process-
ing,” is required for the formation of 
mature functional lamellar membranes 
and normal permeability function (Elias 
et al., 2003).
A key, still largely unanswered ques-
tion is how the perturbed stratum cor-
neum signals the underlying viable 
epidermis to initiate the metabolic 
responses that restore permeability bar-
rier homeostasis. A number of potential 
signaling pathways have been identi-
fied. It is well recognized that there is 
a calcium gradient in unperturbed nor-
mal epidermis with high concentrations 
of calcium in the outermost nucleated 
layers of the epidermis (Menon et al., 
1985). Disruption of the permeability 
barrier results in the passive loss of cal-
cium through the damaged stratum cor-
neum with a decrease in calcium levels 
in the outer epidermis, which then sig-
nals the outer stratum granulosum cells 
to secrete their pool of lamellar bodies 
(Lee et al., 1992; Denda et al., 2003). If 
the calcium levels in the outer epidermis 
are prevented from decreasing after bar-
rier disruption, lamellar body secretion 
does not occur and the barrier repair 
process is not initiated. Conversely, if 
the calcium concentration in the outer 
epidermis is decreased, without disrupt-
ing barrier function by sonophoresis or 
iontophoresis, lamellar body secretion 
is stimulated (Menon et al., 1994; Lee et 
al., 1998). Parallel changes in the con-
centration of other ions in the outer epi-
dermis, such as potassium, also regulate 
lamellar body secretion (Lee et al., 1992; 
Lee et al., 1994).
In addition to ions, cytokines, such 
as tumor necrosis factor, IL-1, and IL-6, 
also play a role in signaling the repair 
response after barrier disruption. Injuries 
to the stratum corneum stimulate the 
production of IL-1, tumor necrosis fac-
tor, IL-6, and other cytokines (Wood et 
al., 1992; Elias et al., 2003). Moreover, 
treating animals with cytokines after bar-
rier disruption accelerates barrier repair, 
perhaps by enhancing epidermal lipid 
synthesis and the formation of lamellar 
bodies. Furthermore, knockout animal 
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 Nitric oxide is yet 
another signaling 
pathway that regulates 
permeability barrier 
homeostasis following 
barrier disruption.
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models that are deficient in cytokines 
— or their receptors — display delayed 
barrier repair in comparison with wild-
type control animals (Jensen et al., 1999; 
Man et al., 1999; Wang et al., 2004).
Recent studies have demonstrated a 
role for proteinase-activated receptor 2 
(PAR2) in permeability barrier homeos-
tasis. After barrier disruption and injuries 
to the stratum corneum, the pH of the 
stratum corneum increases from basal 
levels of 5.0–5.5 toward 7.0. Because 
serine proteases display a greater activ-
ity at a neutral pH than at an acidic 
pH, the increase in stratum corneum 
pH results in an increase in serine pro-
tease catalytic activity in the stratum 
corneum and outer epidermis (Hachem 
et al., 2006). PAR2 is activated by tryp-
tic-like serine proteases, which in turn 
downregulates lamellar body secretion. 
Accordingly, PAR2 agonists applied after 
acute barrier disruption inhibit lamellar 
body secretion and barrier repair, and 
PAR2-deficient knockout mice demon-
strate an acceleration of lamellar body 
secretion and barrier repair (Hachem et 
al., 2006). Thus, in contrast to changes 
in ions and cytokines, which are posi-
tive signals for barrier restoration, serine 
protease signaling via PAR2 is a nega-
tive signal that delays permeability bar-
rier recovery.
Keratinocytes elaborate many of the 
surface receptors expressed on neurons, 
and experiments using receptor agonists 
and antagonists have shown effects on 
permeability barrier restoration after 
acute barrier disruption (Supplementary 
Table S1). Whether the production of 
either ligands or inhibitors of these 
receptors increases or decreases after 
barrier disruption remains to be deter-
mined. Additionally, the physiological 
role of these receptors in signaling barri-
er repair after barrier disruption remains 
to be definitively determined.
Ikeyama and colleagues at the 
Shiseido Research Center (2007, this 
issue) provide very convincing data that 
nitric oxide (NO) is yet another signal-
ing pathway that regulates permeability 
barrier homeostasis following barrier 
disruption. First, they demonstrate an 
increase in NO after barrier disruption. 
This increase was blocked by a neu-
ronal NO synthase (nNOS) inhibitor 
but not by an inducible NO synthase 
inhibitor, suggesting that barrier disrup-
tion stimulates nNOS activity. Second, 
topical application of a general NO syn-
thase inhibitor or a more specific nNOS 
inhibitor accelerated barrier recovery. 
Conversely, topical treatment with an 
NO donor delayed barrier recovery. 
Lastly, and most convincingly, barrier 
recovery was accelerated in mice defi-
cient in nNOS. Together these results 
indicate that NO produced by nNOS 
is a negative signal for barrier recovery. 
This inhibitory effect on permeability 
barrier restoration is similar to observa-
tions reported with PAR2 signaling.
Thus both positive and negative signals 
regulate the metabolic responses leading 
to barrier recovery after acute barrier dis-
ruption (Figure 1). One can only specu-
late as to why both positive and negative 
signals may be important. The structure of 
the stratum corneum is complex, consist-
ing of extracellular, lipid-enriched lamel-
lar membranes, corneocyte-bound lipid 
envelopes, and corneocytes (Elias et al., 
2003). To form a functionally competent 
stratum corneum, the generation of these 
different components needs to be coordi-
nated. The recovery of permeability bar-
rier function is assessed by measurement 
of changes in the rates of transepidermal 
water loss, which predominantly meas-
ures the return of lamellar membranes. 
It is possible that those signaling path-
ways that delay the formation of lamellar 
membranes and hence delay permeabili-
ty barrier repair could be positive regula-
tory signals for other components of the 
stratum corneum that are necessary for 
normal stratum corneum structure and 
function. Downregulating the forma-
tion of one component and signaling the 
formation of another component of the 
stratum corneum may allow for the coor-
dinate formation of a structurally nor-
mal stratum corneum. Additionally, the 
interplay of multiple positive and nega-
tive signals allows for a more measured 
response to various stimuli that injure the 
stratum corneum and to different degrees 
of stratum corneum injury.
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